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Abstract
Intramolecular proton transfer of heme-copper oxidases is performed via the K- and the transmembrane D-channels. A carboxyl group
conserved in a subgroup of heme-copper oxidases, located within the D-channel close to the binuclear center ( = glutamic acid-286 in
cytochrome bo3 from Escherichia coli) is essential for proton pumping. Upon electron transfer to the fully oxidized (FO) enzyme, this amino
acid has been shown to undergo a cyanide-independent environmental change. The redox-induced environmental transition of glutamic acid-
286 is preserved in the site-directed mutant Y288F, which has lost its CuB binding capacity. Furthermore, the mixed-valence (MV) redox
state of cytochrome bo3 (in which CuB and high-spin heme are reduced, whereas the low-spin heme stays oxidized) was prepared by
anaerobic exposure of the protein to carbon monoxide. This complex was converted (i) to the FO state by reaction with the caged dioxygen
donor (A-peroxo) (A-hydroxo) bis [bis (bipyridyl) cobalt (III)] and (ii) to the fully reduced (FR) state via caged electron donors; the
environmental change of glutamic acid-286 could be observed only upon reduction. Taken together, these results from two different lines of
evidence clearly show that the redox transition of the low-spin heme b center alone triggers the change in the chemical environment of this
acidic side chain. It is suggested that glutamic acid-286 is a kinetic enhancer of proton translocation, which is energetically favoured in
mesophilic oxidases. D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
Cytochrome oxidases belong to the superfamily of heme-
copper oxidases, which catalyze the terminal step of eu- and
prokaryotic electron transfer [1,2]. They move electrons from
ubiquinol or cytochrome c to molecular dioxygen, which is
reduced to water [3]. Concomitantly, they translocate protons
across the cytoplasmic or mitochondrial membrane, which
generates a H + -electrochemical potential (for reviews, see
Refs. [3–5]). During the process of oxygen reduction by
heme-copper oxidases, the electron transport is coupled to
the scalar and vectorial transfer of protons. Electrons are
transferred from donors to the redox centers located on con-
served amino acids [1,2,6] of the catalytic subunit I [7–9],
namely, the bis-histidyl ligated low-spin heme a/b and the
histidine-coordinated binuclear center, consisting of the
high-spin heme a3/o3 and the associated copper atom CuB
(see Fig. 1) that together form the oxygen binding site. The
binuclear CuA binds exclusively to the substrate binding
subunit II of cytochrome c oxidases; however, CuA is absent
in the ubiquinol oxidases like cytochrome bo3.
The kinetics of reduction of molecular oxygen and
proton translocation have been extensively studied by the
flow flash technique using time-resolved VIS and Raman
spectroscopy of the chromophoric heme groups, allowing
the study of intermediates of activated oxygen (for a
review, see Refs. [5,10]) and of electrogenic processes
[11,12]. Recently, data providing evidence of intermedi-
ates, which possibly involve tyrosyl radicals, have been
reported [13,14]. A likely candidate would be the strictly
conserved tyrosine-2881 (Fig. 1), which has been regarded
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as a possible ligand for CuB in earlier work [15] and is
located close to the binuclear reaction center [16]. Models
describing the specific order of single reaction steps of
oxygen reduction and proton translocation differ greatly
[17,18].
Mutant studies [19] and the 3D-structural models lead to
the conclusion that protons are translocated through the K-
and the D-channel. It is thought that the channels operate at
distinct time points during the catalytic process (for details,
see Ref. [10]); according to recent data, the K-channel is
responsible for the initiation of the reaction cycle and the
‘‘switch on’’ for the D-channel to conduct protons to the
reaction center as well as to the periplasm [20].
Glutamic acid-286 is located next to the binuclear center
and is a component of the D-channel (see Fig. 1), which is
critically responsible for proton pumping [21,22]; it is a
highly conserved residue in a major subgroup [23] of heme-
copper oxidases. Based on molecular mechanical calcula-
tions, it has been suggested that conformational changes of
this group are involved in the process of proton transport
[24,25]. In fact, conformational flexibility of the side chain
has been demonstrated with redox infrared spectroscopy
[26–28] in various heme-copper oxidases. Redox-poten-
tial-dependent absorbance changes of this residue also
appeared to be related to heme a, but it was unclear whether
the environmental change of glutamic acid-286 was strictly
coupled to the specific electron-transfer step of the low-spin
heme iron center. In this study, we address this problem using
two different approaches: first, by investigation of site-
directed mutants of cytochrome bo3 which lack CuB and,
second, by measurement of electron transfer of the mixed-
valence (MV) oxidase cytochrome bo3 with caged electron
donors and acceptors.
2. Materials and methods
Site-specific mutagenesis of the gene encoding subunit I
of cytochrome bo3 was carried out by the unique site
elimination method [29,30] using the plasmid pHCL. Bac-
terial growth, preparation of wild-type and mutant enzymes
and the duroquinol oxidase activity assay were executed as
described in Ref. [31]. Verification of the heme composition
of the mutants was achieved by HPLC analysis [32].
Sample preparation and recording of standard Fourier
transform infrared (FT-IR) redox spectra (experiments dis-
played in Fig. 3) was done as published earlier [33]. If not
otherwise indicated, redox FT-IR spectroscopy by photo-
irradiation in presence of flavine mononucleotide (FMN)/
ethylene diamine tetraacetate (EDTA) was carried out with a
100-W halogen lamp to induce the transition of oxidized
protein to full reduction.
TheMV complex of cytochrome bo3 was prepared using a
workshop-made transparent gas exchange chamber that
allowed work under anaerobic/defined gas conditions. A
total of 1.5 to 2 Al of a 50 mg/ml oxidase solution in 20
mM Tris–Cl, 50 mM NaCl, 0.3% (w/v) h-D-decylmaltoside
at pH 8.0 was placed on an Apiezon-greased CaF2 plate,
partially dried by evacuation and exposed to carbon mon-
oxide at a pressure of 600 mbar. The sample cuvette was as-
sembled under this atmosphere by placing another CaF2 plate
on top of it. If caged oxygen was included in the samples, 0.5
Al of a 10 mg/ml solution of ‘‘caged oxygen’’ (=(A-peroxo)
(A-hydroxo) bis [bis (bipyridyl) cobalt (III)]-nitrate) [34]
dissolved in 50 mM Tris–Cl, pH 8.0 was added and the
preparation was continued in the dark as described above.
For redox spectroscopy of cytochrome bo3 (experiments
displayed in Figs. 4–6), 0.5 Al of a ‘‘caged electron’’ mix
Fig. 1. Schematic model of the geometry of redox centers and the amino acid residues glutamic acid-286 and tyrosine-288, the essential structural elements of
the cytochrome oxidase bo3. The model is derived from the 3D structure of mitochondrial cytochrome c oxidase [8], but the numbering was used according to
the E. coli sequence. The three histidine ligands, which, in addition to tyrosine-288, hold the CuB center in the correct position, are left out for clarity.
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(100 mM EDTA, 0.5 mM FMN, [33]) was added before
drying. To prepare the fully reduced (FR) carbon monoxide
complex, this sample was photoreduced anaerobically in the
exchange chamber using a halogen lamp equipped with
light guides, followed by CO exposure as described above.
However, if the intention was to preserve the oxidized state,
the samples were kept in the dark instead.
To allow the verification of different spectral states,
optical spectra and CO recombination kinetics were meas-
ured with a workshop-made diode-array spectrophotometer
with a time resolution of 1 ms. Photolysis was initiated by a
flash lamp (pulse length, 30 As). Redox difference FT-IR
spectra of the MV complex in the presence of either caged
oxygen or caged electrons were measured at 4 jC, using the
same instrumental parameters of the Bruker IFS 66VS spec-
trometer as described in Ref. [26], except that a dark spec-
trum was measured after accumulation of 1500 scans, and up
to five light spectra (average of 1000 scans) were taken after
each photoirradiation at 308 nm by 10 excimer laser pulses.
Sample preparation as well as data recording for the
static FT-IR spectra of CO binding (experiments displayed
in Fig. 2) was performed as reported in Ref. [35]. Spectra
were taken with 4-cm  1 nominal resolution at  40 jC.
Time-resolved FT-IR spectroscopy (experiments dis-
played in Fig. 5) was carried out at  22 jC in a Bruker
66V spectrometer operated in the fast scan mode with 2-
cm 1 nominal resolution. The CO complexes were photo-
lyzed by dye laser pulses at 540 nm. The absorbance time
courses were recorded up to 2 s with a repetition time of up
to 10 s in order to allow sample relaxation. Absorbance data
of 1000 transients were averaged to calculate difference
spectra.
3. Results
Previous studies attempted to relate the redox-dependent
changes of the carboxyl groups to the electron transfer onto
specific metal centers bound to cytochrome bo3 [26,36].
Redox titrations using the electrochemical equilibration
method were difficult to interpret due to possible interac-
tions of the contributing centers [36], whereas the photo-
chemical reduction technique could only exclude the
involvement of CuA and the high-spin heme o [26]. This
study is mainly focused on answering the question, which of
the electron-transfer steps of cytochrome oxidase is respon-
sible for triggering the environmental change observed in
glutamic acid-286. We, therefore, compared the redox
properties of wild-type cytochrome bo3 with certain site-
specific mutants with respect to position tyrosine-288, in
which the CuB liganding capacity had been selectively
removed [15].
3.1. Metal binding status of the redox centers in wild-type
and mutant cytochrome bo3
A clearcut correlation of redox transitions with FT-IR
spectral signals could be done only by identification of the
redox centers actually bound to the enzyme. Wild-type
E286D and the mutants Y288F and Y288F/E286D all
exhibited the typical maximum at 560 nm in optical redox
difference, which—as well as the chemical analysis of
heme composition—indicates that the low-spin heme is
present in these proteins [37] (data not shown). The metals
of the binuclear reaction center, namely, the high-spin heme
o and CuB, are difficult to detect (heme o) or even
completely invisible (CuB) in optical spectra. They were
probed by infrared spectroscopy at low temperature using
the ligand-binding characteristics of the oxygen analog
carbon monoxide [38]. In analogous binding experiments
(Fig. 2), difference spectra are taken from the carbon
monoxide complex of heme o in the dark and from the
CuB complex, measured after photolysis. In contrast to
former studies [15,38], we used the temperature range of
 20 to  40 jC, at which slow recombination of the CO
complex is already taking place. Under continuous illumi-
nation, this leads to an equilibrium state, in which bound
CO is distributed between both metal centers (Fig. 2);
however, after pulse irradiation, the transient binding state
could be recorded in a difference spectrum (Fig. 5, see
below). The static wild-type CO FT-IR spectrum of isolated
Fig. 2. Static FT-IR difference spectra (light-minus-dark) of CO re-
combination from purified, fully reduced cytochrome bo3 enzymes recorded
in the dark and under continuous light at  42 jC. Top: wild-type, bottom:
Y288F mutant, middle: 70 fold close-up of the Y288F spectrum.
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cytochrome bo3 oxidase at  42 jC (Fig. 2) has the typical
bands of the CO complex of heme o at 1959–1960 cm  1
and of the CuB complex at 2063–2064 cm
 1, as is
expected from literature data [38]. The same patterns were
found with the purified site-directed mutants at the position
of glutamic acid-286 (change to Asp or Gln, data not
shown), which indicates that the environment of the binu-
clear center is not altered in these mutants. However, the
catalytically fully inactive Y288F mutant, which has heme
b and o bound in equimolar amounts, is completely differ-
ent: Optical spectra demonstrate a fairly high level of
carbon monoxide binding to the high-spin center, but
infrared signals of CO were hardly visible in the Y288F
mutant as compared with the wild-type, although a very
weak band of heme o at 1969 cm  1 was revealed if the
scale was expanded 70 fold (Fig. 2). The frequency shift of
this band indicates altered CO binding strength, and the
increase of the linewidth from 3.7 cm 1 (wild type) to
10.3 cm  1 (Y288F mutant) at half maximal height dem-
onstrates higher flexibility of the heme binding pocket. In
the mutant, no spectral signal corresponding to the CuB
complex at the position expected from the wild-type
protrudes from the noise (Fig. 2). This underlines the
absence of CuB binding to Y288F [15], further proven by
the low copper/protein ratios earlier reported for this mutant
[39]. The extraordinary low intensity of the band related to
heme o in Y288F is probably due to a higher CO
recombination rate compared with wild-type because in
this copper-deficient mutant, no intermediate binding site
[40] (i.e. CuB) exists, leading to faster recombination which
results in a lower amplitude in the steady-state spectrum
depicted in Fig. 2. In summary, these data show that hemes
b and o are present in the Y288F mutant, but CuB has been
eliminated as previously suggested [15].
3.2. Redox transitions of the fully oxidized (FO) enzymes
The redox behavior of cytochrome oxidases has been
probed with the caged electron donor system FMN/EDTA
[26,33], which utilizes UV laser or visible light to trigger the
electron transfer from the donor compound to the oxidized
protein. Halogen light is used in these experiments to ensure
that photoirradiation with either source has no damaging
effects on the sample proteins. The degree of photoreduction
was analyzed by recording optical spectra (data not shown);
the difference FT-IR spectra shown in Fig. 3 represent the
FO and photoreduced states. The wild-type spectrum dis-
plays the 1745/1735 cm  1 absorbance pattern which was
earlier assigned to glutamic acid-286 by site-directed muta-
genesis [26], the signature is lost in the spectrum of the
mutant E286D, which was used in this study for compara-
tive band assignment.2 In contrast, the CuB-deficient mutant
Y288F exhibits absorbance bands at 1745/1735 cm 1 and,
thus, it shows wild-type behavior with respect to glutamic
acid-286. For an exact assignment of this difference band,
the spectrum of the double mutant Y288F/E286D was
recorded. The respective carbonyl absorbances were not de-
tectable, and we could clearly correlate the signature bands
of the Y288F mutant to glutamic acid-286. It is concluded
from these data that the redox-induced conformational
response of glutamic acid-286 is not affected by absence
of CuB.
3.3. Preparation of the MV state of cytochrome bo3
An experimentally independent confirmation of the
above results was desirable because these critically rely on
the indirect evidence of CuB deficiency. Thus, another
approach to probe the redox centers involved in the environ-
mental change was based on the investigation of the MV
enzyme. In MV cytochrome bo3, the metals of the binuclear
center are reduced, while the low-spin heme b remains
oxidized. The preparation of this intermediate redox state
has been reported earlier for cytochrome oxidase bo3 from
Escherichia coli [41,42]; it had to be adapted to very thin
layers (f 5 Am) for FT-IR spectroscopy, and the correct
formation of the defined two-electron-reduced condition had
to be analyzed very carefully.
Optical spectra and recombination kinetics of the pre-
pared cytochrome bo3 protein films were measured and
compared with literature data obtained with freely dis-
solved enzyme. Samples of the FO, FR (carbon monox-
ide-bound fully reduced, COFR) and MV (carbon
monoxide-bound mixed valence, COMV) states were
placed within a cuvette composed of CaF2 plates. Spectra
are displayed in Fig. 4: Alpha (560 nm) and beta (530 nm)
bands of FO and COMV have similar absorbances because
the low-spin heme b remains oxidized; this can be seen by
Fig. 3. Redox-FT-IR difference spectra (reduced-minus-oxidized) of iso-
lated wild-type and mutant cytochrome bo3, using caged electrons FMN/
EDTA.
2 The spectra of the mutation to Asp are shown for the single and
double mutants because the normally preferred corresponding mutation to
Gln (i.e. the double mutant E286Q/Y288F) could not be expressed.
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the increase in absorbance upon reduction of the COFR
enzyme. However, the Soret peak is shifted from 410 (FO)
to 414 nm (COMV) and, furthermore, to 420 nm in the
COFR state. The inserts display the kinetics of carbon
monoxide recombination for COMV and COFR, which
confirms the presence of the adjusted redox states (Fig. 4,
small inserts). FT-IR spectroscopy of the COFR and
COMV redox states reports on the molecular environment
of the bound carbon monoxide group (Fig. 5). The differ-
ence spectra represent snapshots of the conditions prevail-
ing at a defined period after pulse photolysis; they are
qualitatively comparable with the ‘‘steady-state’’ photolysis
spectra obtained with continuous illumination. The FR
enzyme exhibited the same absorbance peaks at 2064 and
1959 cm 1 observed above (Fig. 2). An additional peak at
1950 cm 1 became obvious at the higher resolution of 2
cm  1. Slight changes could be observed at the MV en-
zyme (Fig. 5); the main high-spin absorbance shifted to
1962 cm  1, and an additional small CuB peak at 2046
cm  1 appeared, which is not seen in the COFR enzyme.
The linewidths of both CO-liganded enzymes are compa-
rable, which implies that carbon monoxide is equally
restrained in both binding modes.
The carbon monoxide indicator bands discussed above
were important for the qualitative definition of the redox
Fig. 4. Adjustment of oxidized, mixed valence and reduced redox states: optical spectra; inserts: time course of CO recombination after flash photolysis,
observed at 430 nm.
Fig. 5. FT-IR spectra (light-minus-dark) of CO recombination from purified
MV and FR oxidases, taken 9 ms after a photolytic laser pulse at 540 nm.
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states generated in cytochrome bo3. The MV redox con-
dition was prepared in the presence of either caged electrons
or caged dioxygen in order to observe the absorbance
changes, which occur upon oxidation and upon reduction
of this intermediate redox level. Fig. 6a and b shows control
experiments in which the FO enzyme was photoirradiated.
As expected, no reaction takes place with caged dioxygen,
whereas a typical photoreduction spectrum of the FO
protein is obtained with the caged electrons FMN/EDTA.
The experiments were repeated using the MV enzyme (Fig.
6c and d). When reacted with caged oxygen, the electrons
are abstracted from the COMV protein, as indicated by the
disappearance of the marker band at 1962 cm  1 during
formation of the ferric heme (i.e. a negative band is
observed in the difference spectrum). One can conclude
that electron transfer of the binuclear metal centers CuB and
heme o is not related to the movement of carboxyl groups
since these are spectroscopically silent in Fig. 6c. When the
COMV complex is photoreduced by means of caged elec-
trons, the shift from 1962 to 1959 cm  1 of the band
representing CO bound to the ferrous heme o indicates the
change from COMV to the COFR (FR) state (Fig. 6d). At
this stage, the low-spin heme b alone receives an electron;
the observed environmental change of glutamic acid-286
(1744/1735 cm  1 band signature) is obviously coupled to
this event.
4. Discussion
Taken together, the electron-transfer step related to the
environmental change of glutamic acid-286 of cytochrome
bo3 could be assigned from experimental evidence as
summarized in Table 1. This collection excludes the binu-
clear center CuA because it is only present in cytochrome c
oxidases, not in cytochrome bo3. In addition, experiments in
which the high-spin heme a3/o3 is blocked with the inhibitor
cyanide have proven that this redox center is not involved in
the redox-induced environmental change of the carboxyl
side chain [26]. Therefore, CuB and the low-spin heme b are
left as candidates for the accountable redox group.
Two independent lines of argument involving (i) the use
of site-directed mutants, and (ii) the application of caged
electron donors/acceptors lead to the conclusion that the
redox transition at the low-spin center heme b is responsible
for the reorientation of the conserved carboxyl group
glutamate-286. This group is not essential to the proton
pumping function of heme-copper oxidases. Certain ther-
mophiles manage respiratory proton translocation without
this otherwise strictly conserved residue [43,44]. Redox-
dependent environmental changes like those observed for
glutamic acid-286 by means of photoreductive difference
FT-IR spectroscopy could not be resolved in the thermo-
philic oxidases purified from Sulfolobus (aa3), Acidianus
(aa3) and Thermus (caa3 and ba3) (Gleissner, M., Gomes,
C., Soulimane, T., Lu¨bben, M., unpublished data). More-
over, the extensively conserved amino acid can be muta-
genized in mesophiles without qualitative, but with drastic
quantitative, change of its function in H + -translocation
[45,46]. It is probable that the chemical group at this
position in the D-channel is a very critical proton transfer
element. In order to promote the translocation step, an
activation barrier has to be overcome, which, e.g. may be
easily achieved at the normal living conditions of heat
loving organisms. At lower temperatures, thermal activation
may not be sufficient to drive H + -transport; instead, the
barrier of activation energy could be diminished by a more
conductive residue, for example, by the introduction of a
Fig. 6. Redox FT-IR spectra (light-minus-dark) of FO and COMVoxidases
in the presence of the electron acceptor caged dioxygen (a, c), and of the
electron donor FMN/EDTA (b, d).
Table 1
Effects of redox centers on the reorientation of glutamic acid-286
Redox center Property
CuA not present in cytochrome
bo3—no effect at all
Heme b redox transition coupled to
carboxyl group move
Heme o FO reduction wt: no effect in
cyanide fixed ferric state;
MV oxidation wt: no effect
CuB not present in Y288F mutant,
FO reduction: no effect;
MV oxidation wt: no effect
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carboxylic acid. In mesophilic pumping oxidases, glutamic
acid-286 is protonated in the FO and FR states, and it
undergoes defined redox-dependent environmental changes.
If the carboxyl group is actively involved in H + -trans-
location, it should receive and release protons at intermedi-
ate steps within the catalytic cycle. Based on molecular
dynamics calculations, the glutamic acid-286 was postulated
to exist in two structurally different, but energetically
equivalent, conformations [24,25]. It appears that the pas-
sage of electrons at the low-spin heme b triggers the
structural reorientation of this amino acid side chain
between two energetically similar states separated by a
small barrier of activation energy. The theoretical findings
plus the experimental data on proton pumping discussed
above clearly rule out a possible gating function of glutamic
acid-286. Being mobilized in a controlled manner, the group
could have the function of a kinetic enhancer module that
accelerates the rate of proton translocation coupled to
electron uptake and release at this redox center.
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